Background Iron deficiency (ID) frequently complicates inflammatory-mediated chronic disorders, irrespective of anaemia. Psoriasis is a chronic, immune-mediated skin disease with systemic pro-inflammatory activation; thus, these patients may be prone to develop ID. ID adversely affects immune cells function, which can further contribute to disease progression. This study investigates iron status in psoriasis.
Psoriasis is one of the most common chronic diseases of the skin affecting up to 2% of the general population. 1, 2 Psoriasis is a complex condition, with not yet fully understood pathophysiology, recently viewed as extending far beyond the skin-deep with numerous generalized abnormalities among which autoimmune mechanisms and proinflammatory activation seem to play a crucial role. [1] [2] [3] [4] Clinical picture of the disease is a consequence of inadequate immune response directed against autoantigens with concomitant inflammatory reactions and changes affecting not only the skin but also numerous body organs and tissues. 1, 4, 5 In recent years, there is growing interest in the role of iron status as a fundamental factor modifying the functioning of immune cells involved in innate immune response. 6, 7 This immune mechanism (along with a modulating role of iron) is considered as an important pathophysiological element of chronic inflammatory diseases (e.g. chronic kidney disease and rheumatoid arthritis). On the other hand, chronic inflammatory diseases are often associated with deranged iron status reflecting iron deficiency (ID). 8, 9 The major underlying mechanism here is linked with overexpression of hepcidin due to pro-inflammatory cytokines with subsequent development of functional ID (reflecting inadequate iron supply to meet the demand despite normal body iron stores, because iron is trapped inside cells of the reticuloendothelial system and is unavailable for cellular metabolism). 10, 11 All these premises seem to place iron metabolism in the centre of the pathophysiological relationships underlying psoriasis. Surprisingly, iron status has never been comprehensively investigated in these patients. There are only few small observational studies, [12] [13] [14] [15] which in fact have not investigated iron status itself, but rather anaemia in the context of potentially concomitant iron deficiency. 14, 15 Moreover, the authors have used standard biomarkers of iron status (iron, ferritin, and transferrin saturation), 14 which although used in clinical practice, have several significant limitations in their interpretation when diagnosing iron status in the presence of inflammation.
Therefore, we aimed to investigate iron status among patients with psoriasis using both standard and novel biomarkers of iron status (hepcidin and soluble transferrin receptor) and relate these measures with the severity of the disease, the magnitude of pro-inflammatory activation, and the presence of extra-cutaneous complications (including psoriatic arthritis and low body weight), in comparison with healthy controls.
Material and methods

Study cohort
Thirty-nine patients with plaque-type psoriasis (17 men, age: 47 ± 10 years) were recruited for the study at the Department of Dermatology, Venereology, and Allergology, Wroclaw Medical University, Poland. Exclusion criteria included: (i) any acute or chronic illness that might influence iron metabolism (including known malignancy, infection, severe chronic kidney disease requiring dialysis, chronic cardiovascular diseases, and haematological diseases) and (ii) any treatment for anaemia or ID in the previous 12 months. All patients received standard management for psoriasis; severity of the disease was assessed with Psoriasis Area and Severity Index (PASI). 2, 3 Psoriatic arthritis was diagnosed according to the standard criteria. 2, 16 Low body weight was defined as body mass index (BMI) below 24 kg/m 2 . Clinical characteristics of patients recruited for the study are presented in Table 1 .
Forty-four healthy subjects (30 men, age: 53 ± 6 years) were recruited among volunteers, relatives, and colleagues of the staff or patients at the Centre for Heart Diseases, Military Hospital, Wrocław, Poland. The criteria for healthy subjects to be included in the study were the following: age ≥18 years, normal cardiovascular status, absence of any acute (during the previous 6 months) or chronic (at any time in the past) illness, and related therapy.
The study protocol was approved by the local ethics committee, and all subjects gave written informed consent. The study was conducted in accordance with the Declaration of Helsinki.
Haematological parameters, indices of iron status, and other laboratory measurements assessed in peripheral blood
In all patients and control subjects, venous blood samples were taken in the morning following an overnight fast and after at least 15 min of supine rest. Haematological measurements were made in fresh venous blood with EDTA and clotted blood. After centrifuging, the plasma and serum were collected and frozen at À70°C until further laboratory analyses.
The following haematinics were measured using an automatic system ADVIA 120 (Siemens, Healthcare Diagnostics, Deerfield, IL, USA): haemoglobin concentration (g/dL), haematocrit (%), red blood cells (T/L), mean corpuscular volume (fL), mean corpuscular haemoglobin (pg), and mean corpuscular haemoglobin concentration (g/L). Anaemia was defined as haemoglobin level <12 g/dL in women and <13 g/dL in men. 17 The following standard blood biomarkers reflecting iron metabolism were measured directly: serum concentrations of ferritin (μg/L), iron (μg/dL), and total iron binding capacity (TIBC, μg/dL). Transferrin saturation (Tsat) was calculated as the ratio of serum iron (μg/dL) and TIBC (μg/dL) multiplied by 100 and expressed as a percentage. Serum ferritin was measured using an immunoassay based on electrochemiluminescence with the Elecsys 2010 System (Roche Diagnostics GmbH, Mannheim, Germany). Serum iron and TIBC were assessed using a substrate method with Feren S (Thermo Fisher Scientific, Waltham, MA, USA). Circulating iron bound to transferrin (expressed as Tsat) reflects the amount of iron available to metabolizing cells. 9, 18, 19 The interpretation of circulating ferritin levels Deranged iron status in psoriasisshould always take into account its dual physiological role as the major iron storage molecule and as the acute phase protein, which expression is increased in response to inflammatory stimuli, regardless of the amount of stored iron. 9, 18, 19 Serum soluble transferrin receptor (sTfR, mg/L) was measured using immunonephelometry (Siemens Healthcare Diagnostics Inc., Deerfield, Illinois, USA). Increased circulating sTfR (originating from all cells metabolizing iron) is a sensitive indicator of ID and quantitatively reflects tissue iron demand along with the erythroid proliferation rate, but not body iron stores. 20, 21 Serum hepcidin (ng/mL) was measured using a commercially available enzyme-linked immunosorbent assay (ELISA) (BACHEM). This ELISA method was validated with a gold standard for hepcidin assessment, namely liquid chromatography mass spectrometry developed at King's College London, confirming a strong correlation between the measurements performed using the liquid chromatography mass spectrometry and the BACHEM assay in patients with chronic kidney diseases and healthy subjects. 22 Increased serum hepcidin may be due to either inflammation or/and excessive iron stores 12, 13 ; low-circulating hepcidin reflects specifically depleted body iron stores with or without concomitant anaemia; the lower the hepcidin, the more profoundly depleted iron stores in patients with chronic diseases. 23, 24 In this study, we also used the definition of ID applied in previous studies in patients with chronic diseases 8, 23 ,24 based on serum ferritin and Tsat (serum ferritin < 100 mg/L, or serum ferritin 100-299 mg/L with Tsat < 20%) in additional analyses.
Serum level of interleukin 6 (IL-6, pg/mL) was measured using a commercially available ELISA (R&D Systems, Minneapolis, Minnesota, USA). Estimated glomerular filtration rate (mL/min/1.73 m 2 ) was calculated using the Modification of Diet in Renal Disease equation. 25 
Statistical analysis
The normality of the distributions of continuous variables was tested using the Kolmogorov-Smirnov test. Continuous variables with a normal distribution were expressed as means with standard deviations. The remaining continuous variables with a skewed distribution were expressed as medians with upper and lower quartiles. For further analyses, these variables were log-transformed in order to normalize their distribution. The categorical variables were expressed as numbers with percentages. The statistical significance of differences between the groups was tested using Student's t-test, Mann-Whitney U test, or the χ 2 test, where appropriate. The associations between variables were assessed using the Spearman rank correlatory coefficients. All statistical analyses were performed with Statistica 10 (Statsoft, Tulsa, OK, USA). A value of P <0.05 was considered statistically significant.
Results
Baseline clinical characteristics of patients with psoriasis and control subjects are shown in Table 1 . Patients were younger than controls (mean: 47 vs. 54 years). Clinical severity of the disease was evaluated with the PASI, with baseline ranging from 2.1 to 19.8 (mean: 9.3 ± 4.4); 11 (28%) patients had psoriatic arthritis, and 15 (38%) received systemic treatment of the disease.
Iron status in patients with psoriasis and healthy controls
Compared with healthy controls, patients with psoriasis had similar haematinics (haemoglobin and haematocrit), slightly bigger mean corpuscular volume, and trends towards lower red blood count and mean corpuscular haemoglobin concentration (Table 2 ). Only two (5%) patients had mild anaemia (haemoglobin levels 9.9 and 11.9 g/dL, respectively).
There was no difference in the ferritin levels between groups, but patients demonstrated significantly lower Tsat (P < 0.001), elevated TIBC (P < 0.001) and sTfR levels (p = 0.01), and markedly decreased hepcidin levels (P < 0.0001) ( Table 2) .
Applying the definition of ID used in the previous studies in chronic diseases (based on serum ferritin and Tsat-see the Material and Methods section), 20 (51%) patients with psoriasis fulfilled this definition.
None of the iron-related biomarkers correlated with the severity of the disease assessed with PASI (P > 0.1 for all correlatory coefficients). Also, patients receiving systemic treatment for psoriasis did not differ from not-treated patients in iron-related biomarkers (P > 0.1 in all comparisons).
Patients with psoriasis presented only slightly elevated levels of IL-6: mean 4.1 ± 6.2 pg/mL, range 0-19 pg/mL. Among iron-related biomarkers, hepcidin (R = 0.54, P < 0.001) and ferritin (R = 0.44, P = 0.001) significantly correlated with levels of IL-6.
Eleven (28%) patients had psoriatic arthritis complicating the natural course of the disease, and they demonstrated elevated levels of IL-6 (6.3 ± 5.6 vs. 2.4 ± 5.4 pg/mL, patients with vs. without psoriatic arthritis, respectively, P < 0.05). Neither haematologic parameters nor iron-related biomarkers were different between patients with and without psoriatic arthritis (P > 0.2 in all comparisons).
Iron status in patients with low body mass index
Body mass index significantly correlated with ferritin (R = 0.61, P < 0.001) and hepcidin (R = 0.51, P = 0.005) levels. Eleven (28%) patients had low BMI (i.e. BMI < 24 kg/m 2 ). Compared with patients with BMI ≥ 24 kg/m 2 , lean patients demonstrated markedly deranged iron status reflecting iron deficiency-it was evidenced by the following: low levels of ferritin (P < 0.001) and hepcidin (P = 0.03) and strong trend towards low Tsat (P = 0.06) and elevated sTfR (P = 0.06) ( Table 3) .
Applying definition of ID based on serum ferritin and Tsat (see the Material and Methods section), 9 (82%) patients with low BMI had ID vs. 11 (39%) with BMI ≥ 24 kg/m 2 (P = 0.02) (Figure 1 ).
Discussion
The major novel findings of this study are the following: (i) patients with psoriasis demonstrated deranged iron status, which can be characterized by decreased transferrin saturation and elevated sTfR (both reflecting negative tissue iron balance) and low levels of hepcidin (reflecting depleted iron Figure 1 Prevalence of iron deficiency defined as serum ferritin <100 mg/L, or serum ferritin 100-299 mg/L with Tsat <20% in the whole group of patients with psoriasis and comparison between patients with body mass index (BMI) <24 vs. ≥24 kg/m 2 . stores), and such composition of iron-related biomarkers are typical for iron deficiency; and (ii) iron deficiency in psoriatic patients was not related to severity of the disease, but predominantly determined by patients low body mass index. This point is interesting, because no treatment is currently available for cachexia, that is, involuntary weight loss or a-priori-low body weight, 26, 27 but also, nutrition and rehabilitation offer only few advances at this stage. 28, 29 Nevertheless, there are some promising new developments, 30, 31 and many new experimental therapies are in development. 32 Psoriasis represents an autoimmune disease where primary abnormalities are seen within the skin. However, there is increasing evidence that skin lesions constitute an element of a complex syndrome, and concomitant extra-cutaneous pathologies are crucial (if not critical) for disease progression, quality of life, and prognosis of these patients.
1,2,4,5 Impaired immune response is accompanied by marked inflammatory reaction with concomitant systemic pro-inflammatory milieu observed in patients with psoriasis. 1, 4 Only recently, there is growing interest in iron status in chronic, immune-mediated disorders. However, in contrast to previous reports focusing mainly on potentially deleterious effects of iron overload and linking pathophysiology of several chronic diseases to iron excess, 33, 34 there is now mounting evidence placing iron deficiency with subsequent clinical consequences as the key abnormality of such diseases. 8, 9, 23, 24 It has been demonstrated that deranged iron status is a fundamental element underlying dysfunction of immune cells involved in innate immune response (monocytes and derivates). 6, 7 Interestingly, both innate immune response and processes of iron metabolism (as well as an interplay between them) belong to evolutionary conservative mechanisms, which as they tackle critically important for survival processes, have remained virtually unchanged during the phylogenesis. Additionally, patients with chronic diseases are prone to become iron deficient as a consequence of a depletion of iron stores but more frequently as a result of impaired iron metabolism in the course of underlying inflammatory processes. 8, 9, 11 We have hypothesized that taking into consideration underlying systemic pathophysiological processes in psoriasis this chronic entity may be characterized by markedly deranged iron status. To test this, we investigated a group of patients presenting with fairly broad clinical spectrum of the disease (including disease severity and medical management) and applied novel biomarkers of iron status (hepcidin and soluble transferrin receptors). Surprisingly, complex evaluation of iron status has never been performed is patients with psoriasis.
We observed that psoriatic patients frequently presented the picture of iron deficiency. Once we applied a previous definition of ID based on low ferritin levels and Tsat, 8, 24 it appeared that half of our population tended to have ID. However, we are aware that the approach may well not be optimal. Serum ferritin reflects body iron stores, but either inflammation or oxidative stress (both present in psoriasis) may artificially increase its concentrations, regardless of actual iron status. 18, 19 Importantly, high circulating ferritin provides no insight about the amount of intracellular iron available for metabolic (including energetic) needs. Tsat is a direct measure of the circulating iron pool, but it is unclear if this reflects the amount in peripheral tissues. 18, 19 Thus, we used other biomarkers-hepcidin and soluble transferrin receptor-that we believe can better characterize iron status in psoriasis.
Hepcidin is acknowledged as the key regulator of iron metabolism. Hepcidin, upon binding to the only known cellular iron export protein, ferroportin, results in a ferroportin degradation and the blockage of cellular iron egress with a decrease of duodenal iron absorption and retention of iron in the reticuloendothelial system. 10, 11 As a consequence, circulating iron concentrations and iron availability to target tissues are significantly reduced. 10, 11 Inflammatory stimuli (among which IL-6 is the most potent) are able to induce the hepatic expression of hepcidin, which seems to be the mechanism underlying the development of functional ID and anaemia in patients with chronic inflammatory diseases. 8, 10, 11 Interestingly, in our study, patients with psoriasis had markedly low levels of hepcidin. At the same time, they demonstrated correlation between IL-6 and hepcidin levels, which indirectly confirms intact regulatory mechanisms mentioned before and forms the background to believe that low hepcidin levels reflecting depleted iron stores (absolute ID) in patients is not related to pro-inflammatory status.
It is worthy of noting that patients with psoriasis with low hepcidin did not demonstrate significantly impaired haematopoiesis as assessed based on haemoglobin level and red cell indices, which suggests that in psoriasis, depleted iron stores occur in patients without concomitant anaemia. Circulating hepcidin levels were very low, indicating severely depleted iron stores.
At the same time, psoriatic patients demonstrated elevated levels of sTfR that did not correlate with the presence of anaemia nor with pro-inflammatory activation. It strongly suggests that the major source of transferrin receptors shed into circulation is not the erythron (as psoriatic patients had normal haematinics), but it reflects the extra-haematopoietic origin of circulating sTfR and unmet iron needs within nonhaematopoietic cells. We have previously reported a similar pattern of ID is patients with heart failure that carried ominous clinical consequences. 23, 35 Interestingly, deranged iron status was not related to disease severity evaluated with PASI score, and also once patients receiving systemic treatment and/or those who developed psoriatic arthritis were analysed separately. The magnitude of changes reflecting iron deficiency was particularly strong in psoriatic patients with low BMI. We did not study cachexia in the strictest sense, which is frequent in many chronic diseases 36, 37 and associated with high costs, 38 but we observed that lean patients with psoriasis demonstrated features of depleted iron stores (low circulating hepcidin and ferritin) at the same time having unmet needs for iron at the periphery (elevated levels of sTfR). Additionally, the vast majority of them (>80%) had ID defined according to the criteria used in the previous studies. 23, 24 This pattern was related neither to pro-inflammatory activation (no significant difference in IL-6 between patients with BMI <24 and ≥24 kg/m 2 -data not shown) nor to any other clinical variable we have analysed. Taking into consideration the important role iron plays in numerous processes engaged into pathophysiology of psoriasis, it may well be hypothesized that profound ID seen in these patients may further deteriorate clinical status, leading to disease progression. We are not aware of any previous report linking iron status to low body mass index in patients with chronic disorders. Whereas there are studies showing that obese patients develop functional ID associated with inflammatory response, 39, 40 the high prevalence of absolute ID in psoriatic patients is a novel and intriguing finding. Its origin remains unclear. It may be a consequence of generalized malnourishment, but other unclear pathomechanisms may contribute here, and their elucidation seems to be of a particular importance.
Our study was not designed to investigate the mechanisms that may underlie iron deficiency in psoriasis. Naturally, one can speculate that as in the other chronic diseases, proinflammatory activation may be the leading cause. Our data seem to contradict such relationship. Some previous studies reported accelerated loss of nutrients from the hyperproliferation and desquamation of the epidermal layer of skin in psoriatic patients, which may lead to ID. 41 As mentioned before, malnutrition may be involved in patients with low BMI. Further studies are needed to confirm iron deficiency in psoriasis and reveal underlying mechanisms.
In conclusion, psoriasis is associated with deranged iron status characterized by depleted iron stores with concomitant unmet cellular iron requirements. The magnitude of these abnormalities is particularly evident in patients with low body mass index. The deranged pattern of iron status seen in psoriatic patients reflects mainly absolute ID associated with very low circulating hepcidin and is not accompanied by augmented inflammation. Whether ID may become a therapeutic target in psoriasis needs to be investigated.
